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1. Introduction 
Magnesium and its alloys are active materials, and the oxide can easily form when they 
react with air and moisture (Czerwinski 2002). In addition, magnesium and its alloys are 
flammable and require strict safeguards during the manufacturing process. These 
disadvantages make the processing of magnesium alloys into finished products more 
challenging. These drawbacks cause defects such as cracks, oxide inclusion, burn-through 
and voids both during and after processing. In order to minimize these defects, most 
processing methods must be performed at a certain temperature, unlike aluminum alloys 
and steels, which may be finished by cold working. Defect reduction can be achieved by 
minimizing the complexity of parts and the number of components produced. Furthermore, 
improved design techniques and production processing can eliminate defects in the finished 
products.   
In order to produce finished products from several components, welding is unavoidable. 
However, welding magnesium alloys, especially thin sheets with thicknesses of less than 1.0 
mm, is difficult. Furthermore, for electronics and communication devices, the weld width 
should be as small as possible. Possible methods of welding magnesium alloys include: 
 Spot welding 
 Arc welding 
 Friction stir welding 
 Laser welding 
The first two methods are suitable for joining thick plates but not very thin sheets, because 
of the high heat input. Friction stir welding can join thin sheets, but it is difficult to weld 
complex parts and produces a small weld width. The most versatile and promising process 
for the fabrication of magnesium parts for electronics parts is laser welding.  
The key advantage of laser welding is the ability to narrowly focus the laser beam on a small 
area, generating high intensity heat without any physical contact between welding 
hardware and the workpiece. The small area of the heat source can be rapidly scanned along 
the joint to be welded, and a narrow weld width can be obtained. Other advantages of laser 
welding include ease of automation and flexibility. Laser welding can be used with three-
dimensional components and through transparent heat resistant glass in a vacuum or with 
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inert gas in a closed box where the introduction of electrodes or tools is impossible. This 
flexibility can bring new possibilities for joint design and especially for components or parts 
that feature inaccessible surfaces.  
Distortion and deformation of the thin sheet can be significantly reduced by laser welding 
because of its smaller spot size, lower heat input and improved penetration. These 
advantages lead to a narrow heat-affected zone (HAZ), which can limit thermal distortion 
and improve the metallurgical properties compared with arc welding methods.  Besides, 
contamination from electrode materials can be eliminated, and the reduction of volatile alloy 
components such as zinc can be achieved (Duley 1999). 
Currently two main laser systems are used in industry when laser welding sheet metals, 
namely the pulsed neodymium: yttrium garnet (Nd:YAG) laser and the carbon dioxide 
(CO2) laser. 
1.1 Types of lasers for magnesium welding 
There are only two types of high power laser systems that are currently available for 
industrial use that are suitable for welding. These lasers are carbon dioxide (CO2) and 
neodymium: yttrium garnet (Nd:YAG) lasers.    
1.1.1 Neodymium: Yttrium Aluminum Garnet (Nd:YAG) laser 
The active medium in the Nd:YAG laser is a solid crystal material of yttrium aluminum 
garnet (YAG) doped with neodymium ions, Nd3+. The neodymium ions take the position of 
the yttrium ions in the garnet lattice in which they are roughly the same size. The ion 
concentration is around 1.0% by weight (Ion 2005). Neodymium: yttrium aluminum garnet 
(Nd:Y3Al5O12) is a solid structure that is used as a lasing medium for a solid-state laser.   
This crystal produces infrared light with a wavelength of 1.06 µm. In addition, wavelengths 
of 940, 1120, 1320 and 1440 nm can be generated. One of the advantages of this laser is that 
its lower wavelength gives better absorption by metals. The other advantage is that it allows 
the use of an optical fiber to transfer the laser beam to a certain distance. The standard 
power outputs are 0.3- 3 kW, but advances in this laser can extend the maximum power 
available to 4.0 kW. This laser may be operated in continuous and pulsed modes.  
1.1.2 Carbon dioxide (CO2) laser 
The CO2 laser (carbon dioxide laser) is a laser based on a gas mixture as the gain medium, 
which contains carbon dioxide (CO2), helium (He) and nitrogen (N2). This laser is electrically 
pumped via a gas discharge, which can be operated with DC current, AC current (e.g. 20–50 
kHz) or in the radio frequency (RF) domain. Nitrogen molecules are excited by the 
discharge into a vibration level and transfer their excitation energy to the CO2 molecules 
when colliding with them. Helium serves to reduce the lower laser level and to remove the 
heat. Other constituents such as hydrogen or water vapor serve (particularly in sealed-tube 
lasers) to re-oxidize carbon monoxide (formed in the discharge) to carbon dioxide. 
This laser produces infrared light with wavelengths from 9.6 µm to 10.6 µm. CO2 lasers are 
usually used in industrial applications. Its output power is up to 50 kW, and the system is 
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simple and reliable. The output efficiency defined as the ratio of output laser power to input 
electrical power can reach up to 10 %, which is efficient. However, it cannot be transferred 
via fiber optics.   
1.1.3 Selection of laser source for welding magnesium alloys 
Laser welding of metal in many industries uses both CO2 and pulsed Nd:YAG lasers(Costaa, 
Quintinoa et al. 2003; Haferkamp, Ostendorf et al. 2003). Both lasers have unique 
advantages. However, one of the leading advantages of the Nd:YAG laser over the CO2 laser 
in this specific application is the that lower wavelength gives better absorption by metals. 
However, the continuous mode of Nd:YAG possesses less power, which results in low 
power density. Thus, the laser usually is used in pulsed mode to raise the power and 
increase the power density.  
The thicknesses of the metal welded in previous studies were mostly above 1.0 mm (Costaa, 
Quintinoa et al. 2003; Haferkamp, Ostendorf et al. 2003; Quan, Chen et al. 2008). The 
research on welding thin sheets of magnesium alloys lower than 1.0 mm is still deficient. 
Therefore, in this study, the pulsed Nd:YAG laser is chosen to weld thin sheets of 
magnesium alloy with thicknesses of 0.3 mm.  
2. Nd:YAG laser system for welding magnesium alloys 
2.1 Principles of the laser system 
The laser that is used in this study is a pulsed Nd:YAG laser. The schematic of the laser 
optical system is shown in Fig. 2.1. It is a solid state laser in which the rod-shaped laser 
crystal is illuminated with visible light. The source of the energy is a plasma flash lamp 
(electrical discharge in a quartz tube filled with inert gas. The laser rod stores the pumping 
light energy for a short time at the pumped electron levels. The energy is emitted once again 
as infra red light with a wavelength of 1064 nm.  
 
Fig. 2.1. Schematic illustration of Nd:YAG laser cavity 
Laser cavity 
Laser rod crystal 
Plasma Flash lamp
Output End mirror 
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The optical resonator includes the laser crystal and two parallel mirrors, which enables 
multiple passages through the crystal. This can lead to induced light emission and 
therefore to coherent light. The laser radiation emerges through the partially reflecting 
out-coupling mirror. 
2.2 Characteristic of the laser beam 
The advantage of lasers compared with other powerful sources of light is their ability to 
concentrate beam energy onto a very small area, called the focus point. The distribution of 
the intensity in the application is another quality parameter. In this study the beam energy 
intensity is single mode, which results in a near-Gaussian distribution. 
3. Laser parameters 
The main parameter for a pulsed laser is the pulse energy, E, which can be adjusted by 
controlling the pulse duration, repetition rate and voltage. Other parameters such as the 
peak power and average power can be determined by the following equations. 
 p
avg
E
P
P
          (3.1) 
 .avgP E rep rate    (3.2) 
Pp, E, Pavg and rep.rate are the peak power, pulse energy, average power and repetition rate, 
respectively.  
3.1 Laser material interactions 
When a laser beam impacts a material, certain portions of the beam energy are reflected, 
absorbed and transmitted. The relation between the reflection R, absorption A and 
transmission T is as follow. 
 1R A T       (3.3) 
However, when a laser beam impacts a flat sheet of metal, a large portion of the energy is 
reflected, a small portion is absorbed, and no transmission occurs. Transmission usually only 
occurs for transparent materials such as glass, polymers, etc. When a flat metal is used, the 
reflected energy is lost to the environment. The remaining energy is absorbed in the metal as 
heat, which raises the temperature of the material under the beam and is conducted into the 
bulk of the material. Thus, for a metal surface the relation between R and absorption is:  
 1R A       (3.4) 
The reflection percentage can be measured using a power detector. The reflection ratings of 
some metals, including the AZ31B alloy, are shown in Fig 3.1. It is apparent from the figure 
that the reflection of wrought AZ31B sheet metal with a thickness of 1.3 mm is 94 %. The 
reflection metric decreases to around 88% when the surface of the sheet metal is polished 
with SiC paper (#1000). Coating the sheet metal surface with silver nanopaste significantly 
reduces the reflection to around 36%. It is probable that the roughness and the coating 
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material cause the decrease in the reflection and the increase in absorption. The absorptivity 
may be enhanced by many factors such as temperature, surface roughness, oxidation and 
changes in morphology (Duley 1998). 
 
Fig. 3.1. Laser reflections of different materials (Ishak 2010) 
3.2 Laser welding characteristics 
Conduction mode welding occurs at a low energy density and involves the laser beam 
interacting with the surface of the sheet metal. The energy is absorbed by the atoms on the 
metal surface, which heat up and then transfer the heat to the atoms below the surface. 
Typically, conduction mode welding is useful when the energy density is relatively low. The 
process generates a wide weld bead. The cross-sections of conduction mode welds exhibit 
wide beads and relatively shallow depths. The size and shape of the weld bead depends 
upon the input energy and the material properties.   
At high heat energy density, the metal surface rapidly heats up to the point where molten 
metal vaporizes at the center of the weld beam spot, which opens up a blind cavity 
(keyhole) in the molten metal. As the keyhole penetrates deeper into the metal, the laser 
light is scattered repeatedly within it, thus increasing the coupling of the laser energy to the 
workpiece. While the laser energy is applied, the keyhole is held open by vapor pressure, 
which prevents the keyhole wall from collapsing. A higher penetration depth and a 
narrower weld bead can be achieved with the keyhole mode. 
3.3 Difficulties in laser welding of magnesium and its alloy thin sheet 
The basic difference between the conduction mode and penetration mode is that the surface 
of the weld pool remains unbroken during conduction mode welding. The opening of the 
surface allows the laser beam to enter the melt pool in the keyhole mode and causes a break 
in the metal surface. In addition, openings in the molten metal result in gas entrapment 
during welding, which leads to the formation of pores in the weld.  
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The high intensity of the energy density in the keyhole mode can penetrate thicker metal 
compared with the conduction mode; however, to weld thin metal sheets the keyhole mode 
can cause cut or blow holes in the metal to be joined. Low heat input generates less 
distortion, and lower thermal distortion occurs with the conduction mode than with the 
keyhole mode. Based on these reasons the conduction mode is preferable to weld thin sheet 
magnesium alloy with thicknesses of 0.3 mm.  
4. Bead on plate welding 
The aim of bead on plate welding experiment is to study the laser welding properties of 
AZ31B magnesium-based sheet. Effects of welding parameters such as pulse energy, focal 
position, and scan speed on weld appearances were extensively investigated. This study 
could provide basic information regarding the laser parameters and weld appearances prior 
to lap fillet configurations. 
4.1 Experimental method 
The AZ31B magnesium-based sheet with a thickness of 0.6 mm was studied in this 
experiment. The sheets were cut into 20 x 30 mm specimens. Prior welding, the specimens 
were polished with SiC paper and cleaned using ethanol to remove oil film that existed on 
the material surface. In this study bead on plate welding was carried out. 
 
Fig. 4.1. Laser system and experimental set-up for bead on plate welding 
Metal 
box 
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A pulsed Nd:YAG laser with 1.06 µm wavelength and 100 mm focal length was used in this 
investigation. Spot size of a focused laser beam was measured about 0.4 mm. Fig. 4.1 
illustrates the set-up for the bead on plate welding. The sheet was fixed on special jigs by 
clamping. The jig with a sheet was placed in a steel box having the top of the box was 
partially closed by a heat-resistant glass, where the laser beam is transmitted through the 
glass during welding. Argon gas was filled in for about 30 s as a shielding gas to prevent 
oxidation prior to welding, and gas flow was continued flow until welding finished. During 
the welding process, the laser beam was kept stationary while steel box was moved with a 
CNC x-y table. The laser beam was transverse the specimen surface, as shown in Fig.4.1. 
The parameters used were laser pulse energy in the range of 1.0 J to 2.5 J, welding speed 
between 50 mm/min to 600 mm/min and beam defocusing in the range of -4.0 mm to +4.0 mm. 
Positive defocusing is defined as that the focal point above the top surface of specimen whereas 
negative one the focal point below the top surface. The repetition rate and pulse duration were 
constant at 80 Hz and 3.0 ms, respectively. After welding, the sample was cut into four parts, 
being mounted in a polymer resin. The cross-section was etched with an etchant (10 ml acetic 
acid diluted with 100 ml distilled water) for macroscopic observation. The penetration depth, 
bead width and undercut depth of the weld were measured by optical microscopy. 
4.2 Results and discussions 
4.2.1 Effect of focus point position 
Fig. 4.2 shows the cross-sectioned appearance of bead on plate welding. By irradiating laser 
beam, many layers were formed from molten magnesium. The wider bead with shallow 
penetration depth shows that the type of welding is conduction mode welding rather than 
keyhole mode welding; conduction mode welding is resulted because of low energy 
density. Figure 4.3 shows the relationship between the focus position effect and penetration 
depth. The ranges can be varied from -4.0 mm to 3.0 mm in using this laser system. The focal 
point located just on the specimen surface produced the lowest depth. Increase or decrease 
in focus point location gradually increases the penetration depth. The highest depth 
penetration was achieved when the focus position is at a defocus point of -3.0 mm. (Zhu, Li  
 
 
Fig. 4.2. Bead on plate weld appearance 
100μm 
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Fig. 4.3. Defocus effect on penetration depth 
 
 
Fig. 4.4. Pulse energy effect on bead width, penetration and undercut depth 
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et al. 2005) reported that using CO2 laser welding even at low power undercut occurs and 
can be avoided by defocusing. On the contrary, our results show that using Nd:YAG laser 
welding with different defocusing positions produced no effect on undercut. Thus, the 
defocus point at -3.0 mm was used throughout the investigation because it generated the 
maximum penetration depth. 
4.2.2 Effect of pulse energy 
Fig. 4.4 shows the effect of laser pulse energy on weld bead width, penetration depth and 
undercut depth when the scan speed was 300 mm/min. It is observed that the weld width 
becomes obviously larger when high pulse energy is used.  
This indicates that the size of weld pool is increased with increasing pulse energy. There 
was no weld appearance observed when pulse energy was below than 1.2 J. Which mean 
that in this case, the threshold pulse energy of laser welding is about 1.2 J. Increase in pulse 
energy also resulted in deeper penetration depth; however, full penetration was not 
achieved for the 0.6 mm thickness specimen. 
4.2.3 Effect of scanning speed 
The weld bead width and penetration depth under different welding speeds with constant 
pulse energy of 1.8 J are depicted in Fig. 4.5. It is shown that the bead width and penetration 
depth increase when welding speed decreases. This result is consistent with the effect of 
laser pulse energy as was shown in Fig. 4.4. However, increase in pulse energy causes  
 
Fig. 4.5. Scan speed effect vs. width, penetration depth and undercut depth 
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deeper undercut depth. The same condition occurred when welding speed decreases, as 
shown in Fig. 4.5. When higher pulse energy or lower welding speed is used, the heat input 
per unit length will increase as equation 4.1.  
 p
o
E f
E
v d
   (4.1) 
Where, Ep=pulse energy (J), f=rep. rate (Hz), v=scan speed (m/min) and do=beam diameter. 
Higher heat input leads to more molten metal and large weld width. Higher heat input 
could evaporate more molten metal from the surface, so that undercut takes place. 
4.2.4 Weld appearances and defects 
Full penetration is more suitable for laser welding, but it was not achieved either by increase the 
pulse energy or low speed weld for this specimen thickness, 0.6 mm. When welding was carried 
out, scan speeds lower than 100 mm/min with pulse energy of 1.8 J, burn through took place 
especially at both edges of specimen and the weld appearance was very bad as shown in Fig. 
4.6. The phenomenon was observed when higher pulse energy was over than 2.5 J at a welding 
speed 300 mm/min. The major concerns for welding magnesium alloys are the formation of 
cracks and pores. These defects could lead to low strength in welded products. As shown in 
table 4.1, a long crack was observed at scan speeds of 100 mm/min to 200 mm/min. At a scan 
speed of 50 mm/min, burn through occurred at both edges of the specimen together with a 
long crack presence at the middle of weld bead. Cracks appear at a scan speed 100 mm/min as 
shown in Fig. 4.7(a), where they it exist at the center of weld bead or in the fusion zone and 
relatively was long. The crack length reduces as scan speed increase to 200 mm/min, and then 
no macro cracks were observed when the scan speed was further increased from 300 mm/min 
to 500 mm/min. A lot of pores were observed in every scan speed when the weld was formed 
at constant pulse energy 1.8 J. Figure 4.8 shows the appearances of pores when weld at different 
scan speeds. The number of pores was reduced at 200 mm/min and 400 mm/min, where as 
many a lot of pores can be observed at a scan speed 300 mm/min. The remaining pores may be 
originated mainly from initial preexisting pores in the sheet. The growth of pores could result 
from the expansion and coalescence of the remaining pores, which produces larger pores in the 
weld bead. The pores formed during the first run of welding could be reduced by well 
controlled second run of welding (Zhao and Debroy 2001).  
 
Fig. 4.6. Burned through and cracks at scan speed 50 mm/min 
Burned through 
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Scan speed 
(mm/min) 
50 100 200 300 400 500 600 
Weld 
condition 
Burn 
through and 
long crack
Long 
crack 
Cracks Good Good Good No bead 
Table 4.1 Weld condition after welding with pulse energy 1.8 J at different scan speed 
 
 
Fig. 4.7. Top view of bead scan speed a) 100 mm/min and b) 300 mm/min. 
 
 
Fig. 4.8. Pores at scan speeds of a) 200 mm/min, b) 300 mm/min and c) 400 mm/min 
a b
100μm 
c
100μm
a b
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5. Fillet welding of AZ31B magnesium alloy thin sheet 
The welding of thin sheets is usually more problematic than welding thick sheet metal. Such 
problems are usually related to the high heat input of conventional arc welding processes. 
This high heat input leads to various problems such as cutting, burn through, distortion, 
porosity, cracking, etc. Thus, the selection of an appropriate welding process, procedure and 
technique are important in order to prevent these problems. Compared with arc welding, 
laser welding and electron beam welding are excellent methods that offer many advantages, 
such as narrow welds and impressive penetration depths. However, laser beam welding is 
the best choice because it can be used at ambient pressures and temperatures. However, the 
laser welding of thin sheet metals can still be problematic. Issues include the loss of material 
due to evaporation and inadequate control of heat, which leads to cutting and melt-through 
issues (Aghios, Bronfiu et al. 2001; Cao, Jahazi et al. 2006; G. Ben-Hamu 2007). There are 
plenty of reports on the welding of copper, stainless steel and aluminum alloys (Aghios, 
Bronfiu et al. 2001; Cao, Jahazi et al. 2006; G. Ben-Hamu 2007) in thin sheets of less than 1 
mm thickness, but few studies have been published to date that focus on thin sheets of 
similar thickness in the case of magnesium alloys.  
This chapter focuses on a Nd:YAG laser that was utilized to lap fillet weld AZ31B 
magnesium alloys thin sheet. The rationale behind the selection of AZ31B magnesium alloys 
focused on its unique properties. Magnesium alloys have a low density, high strength-to-
weight ratio, high damping capacity and good recyclability; they have recently attracted 
more attention in many industries (Liming Liu and Changfu Dong 2006). However, 
processing magnesium alloys can be difficult due to defects such as cracks, pores and cuts 
(Ukita, Akamatsu et al. 1993; Leong, Sabo et al. 1999; Moon Jonghyun 2002; Toshikatsu 
Asahina 2005; Zhu, Li et al. 2005). This research focuses on the power density of the laser 
beam in conduction-mode welding applications, which results in a very stable weld pool. 
The absence of unstable fluid motion, which is usually present in keyhole mode welding, 
can lead to attractive weld qualities as well as good control of penetration depths. The 
advantages of conduction mode welding make it much more suitable for welding thin 
magnesium alloy sheets as thin as 0.3 mm. 
5.1 Experimental  
5.1.1 Material 
Lap fillet welding by laser was performed on a 0.3 mm thickness of magnesium alloy sheet 
of AZ31B. The size of the sheet was 20 mm x 30 mm. Before welding, the sheets were 
polished with SiC paper and then cleaned with ethanol to remove oxide films, oil and dirt. 
5.1.2 Nd:YAG laser  
A pulsed Nd:YAG laser with a 1.06 μm wavelength, 0.4 mm beam spot diameter and 100 
mm focal length lens were used for this experiment.  
5.1.3 Experimental set-up  
Figure 5.1 illustrates the set-up for the lap fillet welding experiment. Lap welding was 
performed by overlapping the two sheets, which were then joined by a laser at the edge side 
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of the upper sheet. The distance between the clamps was 4 mm, and the edge of the upper 
sheet was equidistant from the two clamp arms. A specimen was fixed with jigs in a steel 
box and then located on a CNC X-Y table. The top of the box was partially closed by a heat 
resistant glass, through which the laser beam was transmitted during welding. Prior to 
welding, argon gas was pumped into the box at a flow rate of 20 L/min to prevent oxidation 
and continued flowing until the welding was finished.   
 
 
Fig. 5.1. Beam center location from edge of upper sheet (Ishak, Yamasaki et al. 2009) 
5.1.4 Laser welding parameters 
In this experiment, the two sheets were welded with different values of gap width from 0 to 
100 μm, and the beam center located on the edge of the upper specimen (x=0). Next, the 
laser beam center location (x) was varied from the edge of the upper sheet towards the –x 
direction, as shown in Fig. 5.1: -0.1, 0, 0.1, 0.2 and 0.3 mm with varying scan speeds from 50 
to 600 mm/min. The setting of the laser beam on a specific location on the upper sheet was 
determined by a camera using the precisely controllable CNC table to an accuracy of 1 μm.  
As concluded from the bead on plate study described in section 4, defects such as undercuts, 
cracks and pores can be reduced by proper control of laser parameters such as the pulse 
energy and pulse duration. Therefore, the parameters for Nd:YAG laser welding such as 
pulse energy, pulse duration and repetition rate were fixed at 1.8 J, 3.0 ms and 80 Hz, 
respectively. The laser beam was scanned in the y direction during welding. 
5.2 Results and discussions 
5.2.1 Effect of gap size on weld geometry 
The effect of the gap width between the two sheets on the weld appearance was 
investigated. Lap fillet welding was carried out at beam location x=0 with varying gap 
-x
x: Position of laser beam center location 
from edge of upper sheet
Upper 
sheet
Lower 
sheet
Laser beam 
scanning direction 
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width. The laser parameters of pulse energy, pulse duration and scan speed remained 
constant at 1.8 J, 3.0 ms and 350 mm/min, respectively. The gap width and resulting welds 
are shown in Fig.5.2. An increase in the gap width to 35-55 μm generates a wide void, and 
further increase of the gap to 55-80 μm produces a wider and larger void. Gap widths of less 
than 35 μm significantly reduce the size and create a round shape void. 
 
Fig. 5.2. Gap width effect on weld appearances at beam location x=0 (Ishak, Yamasaki et al. 
2009) 
Wider gaps over than 80 μm fail to create a joint. A gap wider than about 35-55 μm creates a 
long crack that starts at root of the two sheets. The crack then expands to the upper surface 
of the weld bead. Additionally, when the gap width exceeds 35 μm, the amount of molten 
metal is insufficient, and thus the bond width and penetration depth become small. These 
results suggest that the gap width is the most important factor in the occurrence of defects 
as well as in controlling the bond width and penetration depth of thin sheets. Therefore, to 
minimize the defects and optimize the bond width and penetration depth, the gap width 
must be restricted to less than 35 μm. 
5.2.2 Effect of laser beam center position on weld geometry 
To analyze the weld geometry of the sample, the average weld width and penetration depth 
were measured. The effects of the center beam location on the bond width and penetration 
depth are shown in Figs.5.3 and 5.4. The weld bond width and penetration depth decreased 
significantly with increasing distance of the beam center location from the edge of the upper 
specimen. The weld bond width and penetration depth decreased significantly with 
increasing distance of the beam center from the edge of the upper specimen. A larger 
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distance results in a low heat concentration on the upper surface of the specimen. This 
occurs due to heat being dissipated to the surroundings because the magnesium alloy 
exhibits high thermal conductivity. Less heat is absorbed by the workpiece, resulting in a 
smaller melted weld area. An increased distance may also increase the size of voids at the 
root, as shown in Fig. 5.2. From this result, we conclude that the weld geometry in laser 
welding is very sensitive to beam center location distances on the order of 100 µm.  
5.2.3 Microstructure  
Figure 5.5 shows the weld microstructure obtained at x=0 with scan speeds of 250, 350 and 
450 mm/min. Table 5.1 lists the mean grain size with different scan speeds and locations. 
Fine grains are apparent at the upper weld with an average grain size of 3.5 μm2 ±2.3 for the 
450 mm/min scenario. A mix of fine and medium-large grains with an average grain size of 
17 μm2 ±11 can be seen at the middle of weld bead, given a joint between the two sheets. 
These grain sizes are much smaller than those reported elsewhere, where grain sizes were as 
large as 20 μm in the fusion zone (Cao, M.Jahazi et al. 2006; Y.Quan 2008).  
 
Fig. 5.3. Bond width at different beam location 
Large elongated grains with an average grain size of 141 µm ±89 are apparent in region III, 
and non-uniform shapes with an average grain size of 13.5 µm ±9.0 can be seen in region IV. 
The microstructure at location IV is the same as that of the base metal. There are no 
significant changes in terms of grain size between scan speeds of 350 mm/min and 450 
mm/min at each region.  
With a scan speed of 250 mm/min, the average grain size in region I is about 27 µm ±18. An 
increase in the grain size is observed in region II with a grain size of about 53 µm ±31. 
However, we observed no changes in grain size in region III, while in region IV a larger 
grain size of about 26 µm ±12 was apparent at the bottom of the weld. The lengths of the 
long elongated grains decrease as scan speed increases, as listed in table 5.2.  
We conclude that the grain size increases with increasing distance from the upper weld 
because of the changes in thermal cycling during welding. The grain size at the fused area  
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Fig. 5.4. Penetration depth at different beam location 
 
 
Fig. 5.5. Microstructure of welded joints at scan speed 450 mm/min at four different 
regions(Ishak, Yamasaki et al. 2009) 
 
Mean grain size, μm 
Weld region I II III IV 
250 mm/min 27± 18 53 ± 31 98 ± 57 26 ± 12 
350 mm/min 4.0 ±  1.5 18 ± 15 160 ± 84 14 ± 10 
450 mm/min 3.5 ± 2.0 17 ± 11 141 ± 89 13.5 ± 9.0 
Table 5.1. Mean grain size at different scan speed and location 
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becomes larger at lower scan speeds. A low scan speed will result in impaired cooling. 
Moreover, since the cooling rate during solidification can be small, the time for grain 
coarsening will become longer. A large number of precipitated particles will also be 
apparent in the form of a very fine white deposit in the weld area. It has been reported 
elsewhere that the sole precipitation phase of AZ31 magnesium alloy is γ-Mg17Al12, and the 
white particles have been identified as Mg17(Al, Zn)12 (Quan, Chen et al. 2008). 
 
Scan speed , mm/min 250 350 450 
HAZ length 
187 ± 14 
(Area III and IV) 
112 ± 8 
(Area III) 
83 ± 10 
Area II 
Table 5.2. HAZ length at different scan speed and location 
5.2.4 Defects  
5.2.4.1 Void at the root 
Void at the root between the two sheets are apparent at almost all beam center locations and 
scan speeds. An increase in beam location distance makes the void size larger. Larger voids 
reduce the bond widths of the joints. By contrast, the size of voids can be reduced by 
selecting a high scan speed. The void size can be greatly reduced to around 0-40 µm at a 
beam location of x=0 and with a scan speed of 400-450 mm/min.  
The void or discontinuity at the weld root probably occurred because of a lack of fusion 
(Yamauchi, Inaba et al. 1982; Nobuyuki, Masahiro et al. 2002; G.Rihar and M.Uran 2006; Z. 
Barsoum and A. Lundback 2009). This probably happens because of insufficient melting 
of the lower sheet, although the upper sheet can be heated at the welded root area as 
shown in Fig. 5.6. This insufficient melting was due to inadequate energy input and weld 
preparation throughout the welded root area (Yamauchi, Inaba et al. 1982; Nobuyuki, 
Masahiro et al. 2002; G.Rihar and M.Uran 2006; Z. Barsoum and A. Lundback 2009) . The 
narrow gap may also contribute to a lack of fusion. Furthermore, we believe that an oxide 
thin film probably formed on the surface of the lower sheet, although it had been polished 
using SiC paper of grit 1000 and cleaned using acetone. Magnesium is an active metal, 
and oxide can easily form on the surface when in contact with air after grinding (Z. 
Barsoum and A. Lundback 2009). This thin layer may have acted as a barrier, preventing 
heat transfer to the lower sheet.  
5.2.4.2 Cracks 
Cracks are apparent at lower speeds when x=0 and become smaller as the scan speed is 
increased. No visible cracks were observed at the beam center location x=0 with scan speeds 
of 400 to 450 mm/min. Furthermore, no macro cracks were observed on the surface of the 
upper sheet weld bead. The appearance of the cracks proved to be highly consistent across 
all specimens at low scan speeds. The crack profile indicates that cracking initiated from the 
root and then propagated into the weld metal but not to the center or upper surface of weld 
zone. From microstructure images, we conclude that the cracking occurred and propagated 
in the large grain area in a transgranular manner.  
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Fig. 5.6. Microstructure around void at root 
(W.Zhou, Long et al. 2007)reported that a crack was observed during tungsten inert gas 
welding of AZ91D related to the liquation of the second phase or low melting point 
precipitates in the heat affected zone (HAZ) or partial melting zone (PMZ). This type of 
crack is known as “liquation cracking” due to the existence of a low melting point for 
intermetallic compounds at grain boundaries of the HAZ and PMZ. These effects can greatly 
decrease the strength of the weld (W.Zhou, Long et al. 2007). However based on EDS 
analysis there was no segregation of Zn, Al and Mn in that area could be detected. 
Secondary phases of low melting intermetallic compounds consisting of Mg and Al or Zn 
did not precipitate near the crack areas. No finer grains were apparent at the open crack, 
which was likely observed in reference (W.Zhou, Long et al. 2007). Furthermore, no 
significant hardness was detected in this area. This further shows that precipitation of 
second phase low melting intermetallic compounds did not take place in the crack region. 
However, a peak of O was apparent near the crack’s open surface. Although the surface of 
the thin sheet had been polished with SiC paper prior to welding, we believe that a thin 
oxide film probably still formed because magnesium is a very reactive metal. The crack 
probably initiated from the void at the root due to high stress concentrations, then 
propagated to the large elongated grain area along the thin oxide film.  
During low scan speed welding, a wider area of large grains probably formed at the 
boundary of the fusion zone and base metal. This area was exposed to much lower 
temperature than the middle of the fusion zone; thus, oxide films were not properly broken 
or melted during welding. Furthermore, a low scan speed may result in high heat input, 
which consequently leads to higher stresses in the large grain area as the metal solidifies and 
contracts. Therefore, cracks could easily propagate throughout the oxide film area.  
Fine/mix 
size 
grain 
area 
Large size 
grain area
Not Melt  
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Higher scan speeds can reduce stress as well as leading to the formation of a wider fine 
equiaxed grain area. Subsequently, the large grain areas become much smaller, as shown in 
table 5.2. These fine equiaxed grains are less susceptible to cracking than larger ones because 
the stress is more evenly distributed among numerous grain boundaries. 
5.3 Numerical simulation of lap fillet welding  
This section present the simulation model of laser lap welding process utilize the efficient 
solution procedure of the finite element code ANSYS. The physical dimensions of the 
bond width, penetration depth and HAZ width were measured and compared with the 
prediction model. 
5.3.1 Geometrical model description 
A moving, pulsed laser beam vertically radiated on the edge of upper sheet. The laser beam 
center located on edge of upper specimen and laser were scanned towards y direction. The 
pulse energy is sufficient to form a joint on the specimens. The dimensions of the thin sheets 
and heat source are shown in Fig. 5.7. The thin sheets with thickness of 0.3 mm is 
overlapped each other.  
The following assumptions were made in the formulation of the finite element model: 
1. The laser beam is incident vertically towards the surface of the workpiece. The heat or 
laser beam center is located at edge of upper specimen.  
2. The laser beam spot diameter on surface of specimen is 0.4 mm. Half of the spot beam 
hit on upper sheet and other half on lower sheet. 
3. The workpiece is initially at 20 °C. Both the laser beam and the coordinate mesh are 
fixed and the work pieces moves in the positive y-direction with a constant velocity, v. 
4. All thermophysical are considered to be constant.  
5. The absorption of laser is fixed at 18 %. This based on the experimental results which 
are around 18-20 %. 
 
 
Fig. 5.7. Schematic drawing 3D geometrical model 
56 mm 
4 mm 
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6. The gap between the thin sheets is 30 µm and is divided into two layers which thickness 
of 15 µm each. 
7. As pulsed laser welding involves very rapid melting and solidification, convective 
redistribution of heat within the weld pool is not a significant as it is in other processes 
where liquid pool is permanent. Convective flow of heat, therefore, is neglected. 
The mesh structure of model is shown in Fig. 5.8. The mesh size is divided into 5 different 
zones. As the distance of specimens far away from weld area, the mesh becomes rougher. 
The finest mesh is defined at weld area where 84 mesh along the 4 mm width of specimen. 
Free mesh is defined at zone 1, while mapped mesh at zone 2, 3, 4 and 5. The thickness of 
mesh at zone 2 to zone 4 consists of 7 layers of one thin sheet, whereas, zone 1 only 1 layer. 
In this simulation, the pulse energy is fixed at 1.8 J, pulse duration 3.0 ms, repetition rate at 
80 Hz. The simulation is done at three different scan speeds 250 mm/min, 350 mm/min and 
450 mm/min. The simulation time was 0.53 s, 0.375 s and 0.2975 s for scan speed 250 
mm/min, 350 mm/min and 450 mm/min, respectively. 
 
Fig. 5.8. Mesh structure at weld area 
5.3.2 Numerical description  
The temperature field caused by moving laser beam is transient in nature. Here, in order to 
simulate the process, a three-dimensional transient heat transfer model was constructed. 
The general three dimensional heat diffusion equations is of the form 
 x y z
T T T T T
k k k Q c v
x x y y z z t x
                                     
             (5.1) 
where, 
 , ,x y z  = coordinate system attached to the heat source 
Q  = power generation per unit volume (W/m
3) 
Upper sheet
Lower sheet
Gap
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, ,x y zk k k
 
= thermal conductivity in the x, y, and z directions (W/mK) 
c  = specific heat capacity (J/kgK) 
  = density (kg/m3) 
t  = time (s) 
v  = velocity of workpiece (m/s) 
Laser heat input was on the surface as heat flux. Heat losses due to convection and radiation 
are very small  (Yeung and P.H 1999) and hence also there were not considered in this 
analysis, as they make calculation non-linear, thus causing convergence problems and 
increasing computing time by a great amount.  
The finite element code ANSYS provides the convenient means of numerically modeling 
pulsed laser welding. The solution technique is chosen depending on the type of problem. 
In the present case, the thermal history of lap fillet weld is required, so a transient thermal 
analysis must be performed. This requires an integration of the heat conduction equation 
with respect to time. In the finite element formulation, this equation can be written for each 
element as follow (Frewin and Scott 1999); 
 [ ( ){ } [ ( ){ } { } { ( )}C T T K T T V Q T    (5.2) 
where 
[ ]K  = conductivity matrix 
[ ]C  = specific heat matrix 
{T}  = vector or nodal temperature 
{ }T  = vector of time derivative of {T} 
{ }V  = velocity vector for the moving workpiece 
{Q} = nodal heat flow vector 
This equation is simply the vector and matrix equivalent of Equation 4.4.  
5.3.3 Numerical result and discussion 
The predicted temperature distributions from numerical analysis at different scan speeds 
are shown in through Fig. 5.9. It is noted that the temperature distribution has a parabolic 
form, which is the consequence of the Gaussian energy profile. The maximum temperature 
is recorded at the central axis of laser beam. It is explained by the fact that the heat source is 
applied on the thin sheet surface at the edge of upper sheets.  
The maximum temperature decreases as scan speed increases as a result of lower heat input. 
At scan speed of 250 mm/min the melt area are larger than scan speeds of 350 mm/min and 
450 mm/min.  It is also noted that the area of temperature between 500 °C until 575 °C 
becomes smaller as scan speed increases. This result because of heat input decreases as scan 
speed increases. From the results, it shows that the weld area slightly larger at starting 
(starting calculation time) and end point (end calculation time) of specimen compare with at 
the middle of the specimen. It shows similar tendency with the experimental results where 
wider weld zone and deeper penetration obtained at edge compare with at the middle of the 
specimen. This occurs because of lower heat concentration at middle than at the edge of 
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specimen. It is due to heat easily dissipated away as a result of high conductivity at the 
middle of specimen.  
 
 
 
Fig. 5.9. Result of numerical simulation at scan speed 450 mm/min at t=0.2975s 
Fig. 5.10 shows the comparison between the numerical simulation result and cross section of 
experimental results. It shows that at higher scan speeds, the weld geometry between 
simulation and the experimental results are almost similar. Fig. 5.11 shows quantitative 
comparison between numerical and experimental results of fusion zone width, penetration 
depth and HAZ width at weld root. The fusion zone area is the area recorded temperature 
from melting point. Meanwhile, the HAZ width is measured at weld root with temperature 
between 500° C until 575 °C. The range of HAZ temperature is based on grain growth 
studies of AZ31B (Mehtedi, Balloni et al. ; Ben-Artzy, Shtechman et al. 2000; Maryaa, Hector 
et al. 2006; Sun, Wu et al. 2009). The results of comparison between numerical calculation 
and experimental results show a reasonable agreement. At lowest scan speed of 250 
mm/min, numerical result shows larger fusion width compare with experimental result. 
The different occurs because of larger defects (void and crack) at the weld root, and 
occurrence of severe undercut which result in smaller weld width of experimental result. 
The defects improve as scan speed increases. As a result, good agreement can be obtained at 
scan speed of 350 mm/min and 450 mm/min.  
 
 
Fig. 5.10. Comparison between experimental and numerical result at scan speed 250 
mm/min 
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Fig. 5.11. Comparison of weld geometry and HAZ width between experimental and 
numerical results at different scan speeds 
6. Conclusion 
We investigated the influences of welding parameters, such as beam center location, laser 
scan speed and gap size, on weldability in the context of lap fillet welding of AZ31B 
magnesium alloys with a thickness of 0.3 mm with a pulsed Nd:YAG laser. The following 
conclusions can be drawn from this work: 
For bead on plate (BOP) welding undercut, cracks and pores can be greatly reduced when 
the process parameters were properly chosen to weld bead on the AZ31B magnesium alloy 
sheet in the Nd:YAG laser welding system. The depth of penetration decreases as focus 
point located on surface of thin sheet magnesium alloys. The defects such as undercut, 
cracks and pores are significantly reduced as pulse energy at 1.8 J, repetition rate at 80 Hz, 
pulse duration 3.0 ms and scan speed range from 300 to 500 mm/min. 
The gap width exerts a major influence on the occurrence of joints and defects, such as 
cracks and voids, between the two sheets. A gap width of less than 35 μm significantly 
reduces the number of cracks and voids and also increases the penetration depth and bond 
width. 
Voids and discontinuities at the root occurred because of lack of fusion. A narrow gap oxide 
layer on the lower surface acted as a heat barrier to prevent melting of the lower sheet. High 
scan speeds significantly improved the number of voids and discontinuities at the root. 
Cracks at the weld originated from voids at the root, which propagated in a transgranular 
manner within the large grain area. No segregation of Al, Mn and Zn occurred at the crack 
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opening, whereas a high content of oxide may have caused the crack/discontinuity. Higher 
scan speeds significantly reduced the number of defects because of the narrower large grain 
area and the wider fine grain area. 
Lap fillet welding of the thin sheet produced a weld bead width of less than 1 mm, with no 
melt-through and good weld bead appearance, when the beam center location was on the 
edge of the upper specimen and when we used scan speeds of 350 to 450 mm/min. Under 
the optimized conditions, a large fine grain size area can be obtained from the top to the 
middle of the weld bead, and the HAZ becomes very narrow. 
The weld geometry (weld width, depth and HAZ width) of numerical simulation results 
show reasonable agreement with experimental results at high scan speed of 350 mm/min 
and 450 mm/min.  
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